Introduction
During the late Paleocene and early Eocene, the average global temperature increased by up to 8 °C and this was associated with the release of huge masses of isotopically light carbon into the atmosphere and oceans. This shortterm climatic warming, known as Paleocene-Eocene Thermal Maximum (PETM), brought highly variable and/ or extreme environmental perturbation in the terrestrial and marine ecosystems (Zachos et al., 2003 (Zachos et al., , 2005 Giusberti et al., 2009; Dickens, 2011) . Most organisms experienced large shifts in their geographic distribution, rapid evolution rates, and changes in trophic regime. Calcareous nannofossils evolved rapidly during this interval (e.g., Tantway, 2006; Aginini et al., 2007; Aubry et al., 2007; Self-Trail, 2011; Khozyem et al., 2013) . They experienced changes in productivity and displayed certain trends in the trophic regime from eutrophic in the neritic zone to oligotrophic in the open ocean (Tremolada and Bralower, 2004; Gibbs et al., 2006; Raffi et al., 2009; Self-Trail et al., 2012) .
The International Commission of Stratigraphy selected the Dababiya Quarry Bed (DQB) near Luxor, Egypt, as the Global Standard Stratotype-Section and Point (GSSP) for the Paleocene/Eocene (P-E) boundary Dupuis et al., 2003) . The DQB has a distinctive lithology and its base is theoretically isochronous coinciding with the base of the Eocene in many sections in Egypt. It has been identified from other localities in Egypt: the Nile Valley (Gebel Serai and Taramsa; Tantawy, 2006) , the Western Desert (southern Kharga Oasis; Tantawy, 2006) , the Gulf of Suez (Galala Mountains; Scheibner and Speijer, 2008) , and West Central Sinai (Obaidalla, 2000; Khozyem et al., 2013) . In terms of calcareous nannoplankton, the P-E boundary interval has been intensively investigated in Egypt. Aubry and Salem (2013) introduced a comprehensive review of the previous studies and the depositional history of the P-E boundary in Egypt. In West Central Sinai, most studies displayed discrepancies and mismatching; some defined a continuous sedimentation with complete bioevents across the P-E boundary and others recorded gaps and incomplete records (Speijer and Wagner, 2002; Khozyem et al., 2013) . The present study introduces high-resolution calcareous nannofossil biostratigraphy for the P-E boundary interval in West Central Sinai, highlighting the main bioevents that are commonly used to delineate the P-E boundary. The findings of this work will be compared with other previous studies in West Central Sinai discussing the possible sources of discrepancy.
Stratigraphic setting
At the end of the Paleocene, a northwestward deepening epicontinental basin was developed at the edge of the southern Tethys covering most of Egypt, Israel, and Jordan (Speijer and Wagner, 2002) . Benthic foraminiferal data indicate that the shallowest deposition occurred at Gebel Duwi (middle neritic; ~50-100 m) and the deepest at W. Nukhl (upper bathyal; ~500-600 m) (Speijer et al., 2000) . This basin is differentiated at 28°N into a stable shelf to the south and a tectonically active shelf to the north (Said, 1962; Höntzsch et al., 2011; Aubry and Salem, 2013) . The Nile Valley and Western Desert were parts of the stable shelf where deposition was mostly siliciclastic, whereas the Galala Plateau and Sinai were parts of the tectonically active unstable shelf and deposition was dominated by hemipelagites.
The upper Paleocene-lower Eocene stratigraphic succession consists of 3 laterally extensive lithostratigraphic units; the siliciclastic dominated Esna Shale is sandwiched between the carbonate-dominated Tarawan Chalk below and the Thebes Limestone above (Aubry and Salem, 2013) . The Esna Shale contains the most extensive and continuous records across the P-E boundary. The Esna Shale consists generally of shales and marls intercalated with phosphatic and coprolite-rich calcarenite and storminduced sandstones. At the Dababiya Quarry section, the Esna Shale was subdivided into 4 members, from base to top: the Hanadi, Dababiya Quarry, Mahmiya, and Abu Had members (Aubry et al., 2007) . The Dababiya Quarry Member is easily distinguished on the basis of lithologic, geochemical, and micropaleontological criteria (Dupius et al., 2003; Knox et al., 2003; Obaidalla, 2006; Soliman et al., 2006) . The GSSP for the base of the Eocene series is delineated at the base of the Dababiya Quarry Member (base of Dababiya Quarry Bed 1; Dupuis et al., 2003) . The upper part of the Hanadi Member belongs to the calcareous nannofossil subzone NP9a, whereas the base of the Dababiya Quarry Member defines subzone NP9b Tantawy, 2006; Berggren et al., 2012) .
In West Central and Southwest Sinai, the Esna Shale is distinctive and easily identified in the field as a gently sloping siliciclastic unit enclosed between two limestone units, the relatively thin Tarawan Chalk below and the thick cliff-forming Thebes Limestone above. The present study is concerned with the Hanadi, the Dababiya Quarry, and the basal part of the Mahmiya members. They are well exposed at G. Matulla, W. Nukhul, W. Feiran, and G. Mekattub in West Central Sinai (Figure 1 ). The Hanadi Member consists of brownish to light gray massive clayrich mudstones. The member displays lateral variation in thickness varying from 1.8 m to 6 m, probably due to syndepositional tectonism. The Dababiya Quarry Member is a distinctive horizon varying in thickness from 0.5 to 0.9 m and is easily recognized in the field even from a distance (Figures 1 and 2a-2g ). It consists of a massive dark gray clay layer (3-12 cm thick) overlain by light to medium gray parallel laminated calcareous silty mudstone (~25 cm thick) enriched in coprolites and fish bones and scales ( Figure 2h ). The dark gray clay-rich mudstones were not recognized from the Feiran Section. Locally, the silty mudstones are burrowed by Chondrites trace fossils ( Figure 2i ) and display features of syneresis cracks on the bedding plane. It is separated from the underlying member by thin (~2 cm thick) secondary layered gypsum and diagenetic iron concretions (Figure 2j ). A marl bed up to 40 cm thick marks the upper part of the member. At G. Matulla, a thin (a few centimeters thick) yellowish brown massive limonitic fine sandstone bed is recognized.
Materials and methods
Sixty-two samples were collected from 4 stratigraphic sections measured at G. Matulla, W. Nukhul, W. Feiran, and G Mekattub in West Central Sinai spanning the P-E boundary interval (Figure 1 ). These sections are ideally suited for the study of the response of calcareous nannofossils in a central western Tethys setting to the environmental changes that perturbed the global oceans during the P-E boundary interval. The sampling interval was 30 cm; however, it is reduced to a few centimeters close to the P-E boundary. Standard smear slides were prepared and the calcareous nannofossils were observed under polarizing microscope at a magnification of 1250×. The taxonomy used in this paper is that described by Perch-Nielsen (1985) , and the zonal schemes adopted are those of Martini (1971) . Calcareous nannofossil assemblages are rich and well diversified except the dark gray clay layer at the base of the Dababiya Quarry Member, which is barren of calcareous nannofossils. The calcareous nannofossil preservation varied from moderate to good. Semiquantitative analysis was carried out and the relative abundances of calcareous nannofossils were estimated as follows: A = abundance, >10 specimens/field of view (fov); C = common, 6-10 specimens/fov; F = few, 3-5 specimens/fov; R = rare, 2 specimen/fov; and VR = very rare, 1 specimen/fov. The species richness is given as the total number of species recorded in each sample. The relative abundance of the dominant species is tabulated in 4 distribution charts (Figures 3a-3d ) and some important taxa are illustrated in Plates 1 and 2. Abbreviations used are FO = first occurrence and LO = last occurrence.
Results

Biostratigraphy
The identified calcareous nannofossils enabled the identification of two biozones, the Discoaster multiradiatus (NP9) and the Tribrachiatus bramlettei (NP10), following the standard zonal scheme of Martini (1971 Khozyem et al., 2013) .
The FO of Tribrachiatus bramlettei is used to delineate the base of the NP10 zone (Martini, 1971) . This boundary is placed immediately above the dark clay-rich mudstone layer at the base of the Dababiya Quarry Member. In addition to the marker species, several species such as Pontosphera plana, P. versa, P. multipora, P. pectinata, Discoaster barbadiensis, D. mahmoudii, D. diastypus, D. araneus, D. anartios, Campylosphaera (eo)dela, Chiasmolithus bidens, Ch. californicus, Neochaistozygus concinnus, N. modestus, and N. perfectus were recorded in zone NP10 (see Figure 3) .
The Discoaster multiradiatus zone (i.e. NP9 zone) was subdivided into two subzones, NP9a and NP9b, based on the FOs of Rhomboaster spp., R. calcitrapa, R. spineus, Discoaster araneus, and D. anartios (Calcareous Nannofossil Excursion Taxa) or Rhomboaster-Discoaster (RD) taxa (Aubry et al., 2000; Kahn and Aubry, 2004) or Campylosphaera (eo)dela (Bukry, 1973; Okada and Bukry, 1980; Perch-Nielsen, 1985; Bybell and Self-Trail, 1997; Bolle et al., 2000) . In the present study, T. bramlettei cooccurred with the RD taxa and C. (eo)dela. In the present study, the simultaneous occurrence of Tribrachiatus bramlettei with other RD taxa indicated the lack of the NP9b subzone and the NP10 zone resting unconformably over the NP9a subzone.
Species richness
The species richness and the variations in the abundance of the genera Fasciculithus and Discoaster before and after the P-E boundary interval were determined (see Figure 4 ). The number of species fluctuated vertically and neither decreased nor increased in the upper Paleocene (NP9a subzone) sediments. The number of species varied from 9 to 15, from 8 to 18, from 6 to 14, and from 12 to 18 in the G. Matulla The dark gray clay-rich mudstone bed at the base of the Dababiya Quarry Member is barren of calcareous nannofossils. The strata immediately above this bed contain nannofossil species assigned to the earliest Eocene. The total species numbers varied from 4 to 18, from 12 to 18, from 8 to 19, and from 9 to 20 in the sediments of the G. Matulla, W. Nukhul, W. Feiran, and G. Mekattub sections, respectively.
The diversity and abundance of Fasciculithus spp. decreased near the top of the NP9a subzone rather than becoming fully extinct, and the genus is fully extinct in the basal part of the NP10 zone. The number of Fasciculithus species decreased rapidly in the NP10 zone with a maximum species number of 5 identified from the G. Matulla section. The lowermost Eocene sediments yielded rare, scattered, and discontinuous Fasciculithus aubertae, F. billii, F. bitectus, F. bobii, F. clinatus, F. hayi, F. schaubii, F. tympaniformis, and F. involutus. In the G. Matulla section, the number of Fasciculithus species varied in the NP9 zone from 2 to 7 and in the NP10 zone from 1 to 5. In the NP9 zone at the W. Feiran section, the number of Fasciculithus species fluctuated between 4 and 7, and it dropped suddenly to 2 in the NP10 zone. In G. Mekattub, the number of Fasciculithus species in the NP9 zone fluctuated between 4 and 9, and it dropped to 4 in the NP10 zone. In the sediments of Wadi Nukhul, the number of Fasciculithus species varied in the NP9a subzone from 4 to 9, and it decreased in the NP10 zone to vary from 1 to 4. Some Fasciculithus species such as F. involutus, F. 
W.
tympaniformis, F. bobii, and F. billii were recorded with rare to very rare relative abundance from the NP10 zone.
Globally, the abundance of Fasciculithus spp. decreased towards the P-E boundary interval and they were completely extinct shortly after this event in many wellknown P-E sections such as the paleoequatorial Pacific Gibbs et al., 2006) , the subtropical Pacific (Bralower and Mutterlose, 1995) , ODP Site 1262 (Leg 208), the southeastern Atlantic (Mutterlose et al., 2007) , the Walvis Ridge in the South Atlantic (Raffi et al., 2009) , and several middle latitude on-land sections such as Alamedilla and Zumaya in Spain , the Forada section in the Venetian Pre-Alps (Agnini et al., 2007) , Tawanui in New Zealand (Crouch et al., 2003) , and the G. Serai and G. Tramsa sections of Central Egypt (Tantawy, 2006) . Abu recorded F. liliiani, F. tympaniformis, and F. involutus from the NP10 zone. The presence of Fasciculithus spp. throughout the pre-PETM interval in the shallow water deposits at the southeastern Kharga Oasis is comparable to the high abundance in the other deeper sections in the Central Nile Valley (Tantawy, 2006) , supporting its deep photic zone habitat (Mutterlose et al., 2007) . In both the Gebel Serai and Taramsa sections, the LO of Fasciculithus involutus is observed 0.5 m above the FO of T. bramlettei (Tantawy, 2006) . Bolle et al. (2000) recorded Fasciculithus tympaniformis and F. involutus in the lower part of the NP10 zone.
The number of Discoaster species displayed a slight increase in the NP10 zone compared to the NP9a subzone (Figure 3) . The diversity and abundance of the genus Fasciculithus decreased notably and it disappeared around the P-E boundary, while the abundance of Discoaster taxa increased, which may suggest a warming trend around this boundary. Discoaster taxa are well represented displaying remarkable fluctuations within the NP9a subzone and NP10 zone with rapid diversification towards the PETM, giving rise to several successive new taxa (i.e. Discoaster multiradiatus, D. mohleri, D. backmanii, D. lenticularis, D. falcatus, D. paelikei, D. anarotios, D. araneus, D. barbadiensis, D. binodosus, D. diastypus, D. mahmoudii, and D. splendidus) .
The diversity of nannofossils reached its maximum in the late Paleocene (Faris and Salem, 2007) . Fasciculithus species such as F. tympaniformis, F. billii, F. clinatus, F. alanii, F. involutus, F. bitectus, F. lillianae, and F. bobii and Ellipsolithus macellus disappeared near the top of the NP9 zone. Species such Campylosphaera (eo)dela, F. schaubii, F. richardii, Discoaster lenticularis, D. araneus, D. binodosus, Rhabdosphaera solus, and Pontosphaera pectinata first appeared in the NP9 zone. In addition, the first representatives of the genus Rhomboaster (R. intermedia, R. bitrifida, and R. calcitrapa) appeared in the upper part of the NP9 zone (subzone NP9b).
Discussion
The lithologic characteristics and the calcareous nannofossil assemblages that were identified from the P-E boundary interval in West Central Sinai yielded important information about the depositional conditions, particularly bottom water oxygenation level and paleoproductivity. The calcareous nannofossil record will be compared with previous studies in West Central Sinai and the stratotype at the Dababiya Section.
Paleoecology
The occurrence of branched burrowing belonging to Chondrites ichnofacies suggests anaerobic poorly oxygenated bottom conditions (Bromley and Ekdale, 1984) . Organic-rich shales of as thick as 1 m were formed in Tethyan margin basins during the Paleocene Thermal Maximum (Gavrilov et al., 1997; Speijer et al., 1997; Speijer and Wagner, 2002) . These organic-rich shales were deposited under anoxic bottom conditions and were responsible for the benthic extinction event in the northern and southern Tethys. Speijer and Wagner (2002) indicated that sea level rose during the late Paleocene, leading to the expansion of the oxygen minimum zone producing condensation and anoxia on the sea floor. The syneresis cracks in the bioturbated silty mudstone overlying the dark gray shales could have been formed at the sedimentair interfaces by desiccation during subaerial exposure and also at sediment-water interface or substratally by syneresis processes (Plummer and Gostin, 1981) . The cooccurrence of cracks and burrowing supports the subaqueous or substratal dewatering of submerged mud or silt.
The calcareous nannofossil assemblages in the present study indicate that paleoenvironmental conditions were changing rapidly around the P-E transition. Typically, the ecology of calcareous nannoplankton is inferred from latitudinal distributions; low-latitude species are adapted to warm water and high-latitude species to cold water, while coastal species are adapted to eutrophic conditions and open-ocean species to oligotrophic conditions. During the late Paleocene-early Eocene, the deposition in West Central Sinai was at water depths of 500-600 m, i.e. upper bathyal (Speijer et al., 1997; Speijer and Wagner, 2002) . Chiasmolithus, a genus long associated with cooler water conditions (Bukry, 1973; Wei and Wise, 1990; Jiang and Wise, 2006) , is well represented by C. bidens and C. consuetus, which occur in very rare to frequent relative abundances below the boundary and decreased slowly in their relative abundance until they disappeared and finally appeared again in reduced numbers following recovery. Discoaster multiradiatus, D. mahmoudii, D. binodosus, D. araneus, Z. bijugatus, S. primus, Rhomboaster, and Tribrachiatus taxa are the dominant warm-water species of the late Paleocene-early Eocene interval in the studied sections. This may suggest that warm conditions prevailed during this time interval.
Some authors relied on the Toweius species for paleoecological interpretations (see Self-Trail et al., 2012) . This taxon is a likely indicator of cold and eutrophic to mesotrophic relatively shallow waters (Bralower, 2002; Tremolada and Bralower, 2004) . In the area of study, this taxon is represented by Toweius sp. and T. eminens, displaying sporadic rare to frequent relative abundance. The scarcity of these species can probably be attributed to the relatively deep water oligotrophic conditions (Bralower, 2002) in the area of study. These species were not recorded in the study of Mandur and Bayoumi (2010) . In the sediments of W. Nukhul, Khozyem et al. (2013) identified T. pertusus in the NP9a subzone with rare to frequent relative abundance. The relative abundance of T. eminens changed from common in the NP9a subzone to sporadically rare in the NP9b subzone and abruptly increased to common in the NP10 zone.
Calcareous nannofossil turnover
The calcareous nannofossil assemblages displayed turnover at the P-E boundary interval (Table) . Some species became extinct, while some successfully crossed the boundary and some new species arose. The Paleocene assemblage consists of 11 species and is dominated by Bomolithus elegans, Heliolithus cantabriae, H. kleinpellii, Toweius craticultus, Fasciculithus ulii, F. alanii, F. richardii, F. lillianae, F. mitreus, F. janii, and F thomasii Discoaster anartios, D. araneus, D. barbadiensis, D. mahmoudii, Pontosphaera exilis, P. multipora, P. ocellata, P. pectinata, P. plana, P. versa, Rhabdosphaera solus, Rhomboaster bitrifida, R. cuspis, R. intermedia, R. spineus , and Tribrachiatus bramlettei.
P-E calcareous nannofossil record in West Central Sinai
The P-E boundary is placed in the present study and other previous studies (Bolle et al., 2000; Speijer and Wagner, 2002; Khozyem et al., 2013) at the base of a dark gray clay layer that defines the contact between the Hanadi and Dababiya Quarry members. The onset of organic-rich Ouda and Aubry, 2003; Aubry et al., 2007) . The lower part of the CIE closely correlates with the NP9a/b subzonal boundary (Scheibner and Speijer, 2008) .
The present study differs slightly from the recent studies that were carried out in West Central Sinai (Abu Faris and Salem, 2007; Khozyem et al., 2013 ) (see Figure 5 ). The cooccurrence of T. bramlettei with RD taxa and C. dela suggested the lack of the NP9b subzone, and therefore the NP10 zone rests unconformably above the NP9a subzone. In the earlier studies in West Central Sinai, sporadic and discontinuous occurrence of C. dela that characterizes shallow water was recognized from the NP9b subzone at G. Matulla and W. Nukhul (Abu Faris and Salem, 2007; Khozyem et al., 2013) . Mandur and Bayoumi (2010) , on the other hand, recorded C. dela from the upper part of the NP10 zone at G. Qabeliat, West Central Sinai. Khozyem et al. (2013) surprisingly subdivided the NP9 zone in W. Nukhul into relatively thick subzones NP9a (>1 m thick) and NP9b (≥2 m thick).
In the present study, the RD taxa did not occur simultaneously, having very rare to rare relative abundance (Figure 3) . Some species were recorded in a single sample and others sporadically occurred with rare to very rare relative abundance. Species such as D. araneus first occurred in very rare to rare relative abundance at the base of the NP10 zone. D. anartios cooccurred in rare relative abundance with D. araneus in the sediments of the W. Feiran and G. Matulla sections, whereas it was not identified from the other sections. Rhomboaster bitrifida, R. intermedia, and R. spineus sporadically cooccurred with D. araneus in the sediments of the W. Nukhul and G. Matulla sections, whereas they appear later in the Mekattub and Feiran sections. Mandur and Bayoumi (2010) recognized the rare species of D. araneus and R. bitrifida from the upper part of the NP9 zone, whereas R. intermedia and T. bramlettei appeared simultaneously at G. Qabeliat.
In cases of the absence of marker species, the last appearance datum (LAD) of Fasciculithus can be used to approximate the NP9/NP10 zonal boundary (PerchNielsen, 1985; Aubry et al., 1996; Tantway, 2006) . In the present study, the LAD of Fasciculithus might be extended into the basal part of the NP10 zone. The overlap of T. bramlettei and F. tympaniformis was recorded in other localities (Italy -Proto Decima et al., 1975; Spain -Romein, 1979; Angori and Monechi, 1996; DSDP Hole 605 -Aubry, 1995; New Jersey -Bybell and Self-Trail, 1997) . The LO of Fasciculithus alanii is biostratigraphically significant as it is restricted to the NP9a subzone. Similar results were recorded in other sections in Egypt (e.g., G. Aweina, G. Duwi, and G Abu Had; Aubry, 1998; von Salis et al., 1998) , in the Contessa section in Italy (Galeotti et al., 2010) , and in the Zumaya and Alamedilla sections in Spain .
Possible P-E hiatus
The incomplete calcareous nannofossil record (absence of the NP9b subzone) suggests a hiatus at the base of the earliest Eocene. The lateral variation in thickness of the Hanadi Member and the abrupt lithological changes between the Hanadi and the Dababiya members probably indicate discontinuity in sedimentation and the influence of syndepositional tectonism. The dark gray shale and the parallel laminated burrowed silty mudstones enriched in coprolites and fish remains at the base of the Dababiya Quarry Member may represent a maximum flooding horizon where the sedimentation rate was extremely low relative to the rate of accommodation. During this interval, the seafloor was exposed to erosional and/ or cementation processes (Galloway, 1989; Catuneanu, 2006) . This probably led to the presence of a minor hiatus or discontinuity surface. The presence of hiatus at the P-E boundary was recorded at W. Nukhul (see Speijer and Wagner, 2002; Khozyem et al., 2013) . Lüning et al. (1998) recorded a discontinuity within the NP9-NP10 interval in West Central Sinai. Faris and Abu Shama (2007) in G. Mishiti, East Central Sinai, recorded an intraformational conglomerate at the base of Eocene deposits; however, they mentioned that the calcareous nannofossil record was continuous without any gap. Morsi et al. (2008) recorded a complete nannofossil record and possibly continuous sedimentation during the P-E boundary interval in the W. Nukhul and W. Feiran sections, though they collected samples at wide intervals. In addition, the variable morphological concept of Rhomboaster/Tribrachiatus complicated the precise identification of the NP9-NP10 zonal boundary (e.g., Aubry, 1996; Aubry et al., 1996 Aubry et al., , 2000 von Salis et al., 2000; Tantway, 2006) . In the present study, T. bramlettei, although discontinuously recorded with relative abundance varying from very rare to rare, is consistently present. Other evidence from planktonic foraminifera needs to be integrated with the data from calcareous nannofossils.
Conclusions
The three basal members, Hanadi, Dababiya Quarry, and Mahmiya, of the Esna Shale in West Central Sinai were studied to recognize the environmental and calcareous nannofossil changes that accompanied the P-E boundary events. The P-E boundary is placed at the contact between the Hanadi and Dababiya Quarry members. The base of the Dababiya Quarry Member was deposited under possibly anoxic to dysoxic bottom water conditions as Fasciculithus Discoaster Figure 5 . Calcareous nannofossil bioevents at the P-E boundary interval in the present study and other previous studies.
evidenced by the formation of an organic-rich dark gray clay layer and gray silty bed burrowed by Chondrites trace fossils. The strata under investigation yielded rich and well-diversified good to moderately preserved calcareous nannofossil assemblages. The calcareous nannofossil taxa enabled the recognition of two biozones spanning the P-E boundary interval, the NP9 and NP10 zones. The NP9 zone is further subdivided into two subzones, NP9a and NP9b, based on the occurrence of RD taxa (Discoaster anartios, D. araneus, Rhomboaster bitrifida, R. cuspis, R. intermedia, R. spineus) . The cooccurrence of T. bramlettei (the marker species of the NP10 zone) with RD taxa suggests an incomplete calcareous nannofossil record and the lack of the NP9b subzone. This conclusion contradicts earlier studies that recorded a complete calcareous nannofossil record and elaborated the NP9 zone into NP9a and NP9b subzones, though they recognized physical evidence of discontinuous sedimentation during this interval. This problem can probably be attributed to the identification of T. bramlettei, which displays discontinuous occurrence with very rare to rare relative abundance. Probably the base of the NP10 zone should be identified by the common rather than the first occurrence of T. bramlettei.
